Renewable production of hydrocarbons is being pursued as a petroleum-independent source of commodity chemicals and replacement for biofuels. The bacterial biosynthesis of long-chain olefins represents one such platform. The process is initiated by OleA catalyzing the condensation of two fatty acylcoenzyme A substrates to form a b-keto acid. Here, the mechanistic role of the conserved His285 is investigated through mutagenesis, activity assays, and X-ray crystallography. Our data demonstrate that His285 is required for product formation, influences the thiolase nucleophile Cys143 and the acylenzyme intermediate before and after transesterification, and orchestrates substrate coordination as a defining component of an oxyanion hole. As a consequence, His285 plays a key role in enabling a mechanistic strategy in OleA that is distinct from other thiolases.
The biosynthesis of long-chain hydrocarbons has been studied for decades, being initially described in 1929 as arising from the condensation of two fatty acids [1] . These waxy compounds represent a renewable source of long-chain hydrocarbons for uses in replacement biofuels and commodity chemicals [2] [3] [4] . The bacterial biosynthesis of long-chain olefins has become the subject of recent patents and investigations [5] [6] [7] . The threeand four-gene clusters necessary for olefin production, oleABCD, have been identified in more than 250 divergent bacteria (Fig. 1A ) [7] . The olefin biosynthesis pathway is initiated by the OleA-catalyzed condensation of two fatty acyl-coenzyme A (CoA) molecules to form a b-keto acid (Fig. 1B) [8] . The subsequent NADPHdependent reduction of b-keto acid to a b-hydroxy acid is catalyzed by OleD [9] . The enzyme OleC acts as a blactone synthetase, catalyzing an ATP-dependent reaction of the b-hydroxy acid to form a b-lactone [10] . The final cis-olefin is produced by OleB through displacement of carbon dioxide from the b-lactone [11] .
The mechanism of OleA has been the subject of several studies aiming to understand which amino acid residues and structural features of the enzyme are important for function. OleA demonstrates substrate specificity toward different acyl-CoA molecules that ultimately determine the chain length, unsaturation, or other modifications of the alkyl chain moieties present in the final olefin [7] . As such, OleA represents an important target for enzyme engineering efforts for tailored hydrocarbon production. OleA is a member of the thiolase superfamily and condenses two acyl-CoA substrates in a nondecarboxylative reaction to generate a b-keto acid and two CoA-SH [8] . OleA from Xanthomonas campestris has been characterized structurally, showing a novel T-shaped, three-channel substrate-binding architecture centered around the catalytic cysteine (Cys143) that is necessary for positioning the hydrophobic substrate alkyl chains for condensation [12, 13] . Another novel feature of OleA among thiolase enzymes is the presence of an active site glutamate (Glu117) originating from the second monomer of the OleA homodimer [12] . Mutagenesis of this glutamate, paired with crystal structures of inhibitor complexes and substrate modeling, suggests that Glu117 primes the condensation reaction by deprotonating the second substrate for nucleophilic attack [14] . The current proposed mechanism for OleA involves three steps (Fig. 2) [14] . The transesterification step proceeds via a nucleophilic attack on the first acyl-CoA substrate by the Cys143 thiolate, forming an acyl-enzyme intermediate ( Fig. 2A) . This intermediate occupies alkyl channel A during turnover [13] . The second substrate binds in alkyl channel B, and Claisen condensation is initiated by Glu117 abstracting a proton from C 2 (Fig. 2) . This carbanion species attacks the thioester linkage of the acyl-enzyme intermediate, forms a new carbon-carbon bond, and releases the intermediate from Cys143. The final hydrolysis of the b-keto acyl-CoA then occurs before product release, likely catalyzed by an activated water molecule (Fig. 2C) [14] .
All thiolase enzymes contain four active site loops that are necessary for aligning catalytic residues. The first loop contains the catalytic cysteine, and the second and third loops contain catalytically active residues such as histidine and asparagine [15] . A main chain amide group on the fourth loop forms an oxyanion hole that stabilizes the negatively charged intermediate during the conserved acetyl transfer/ transacylation/transesterification step [15] . In some superfamily members, the side chains of the residues found on loops two and three (typically histidine and/ or asparagine) form a second oxyanion hole that binds the second substrate and stabilizes subsequent intermediates during condensation. A histidine is found within the active site of all thiolase enzymes with a role proposed in most mechanisms. In b-ketoacyl-acyl-carrier protein synthases (KAS; FabH, FabB) and polyketide synthases (PKS; chalcone synthase), an active site histidine is proposed to promote decarboxylation of the second substrate, malonyl-acyl carrier protein (ACP) [16, 17] . In 3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA synthase), the histidine is proposed to act as a general base to deprotonate the catalytic cysteine for nucleophilic attack on the first substrate, acetylCoA [18] . This same histidine is also implicated in selectively interacting with the second substrate, acetoacetyl-CoA [19] . In biosynthetic thiolase, the histidine is proposed to act as a general base to deprotonate the catalytic cysteine, as well as a general acid to donate a proton back to the cysteine to complete turnover [20] . For OleA, the mechanistic role of this histidine (His285 in X. campestris) is unknown. In the wild-type (WT) crystal structure of OleA, the side In this study, we have investigated the role of His285 in X. campestris OleA through site-directed mutagenesis to generate H285A, H285N, and H285D OleA variants. Due to the residue being absolutely conserved across OleA enzymes as well as its spatial proximity to Cys143, His285 was hypothesized to play a role in activating transesterification [12] . Crystal structures and biochemical analyses of these mutants suggest roles for His285 in catalytic intermediate stabilization and positioning, as well as protection from oxidative damage. These results are placed in the context of the OleA mechanism and those of other thiolases.
Materials and methods
Mutagenesis, expression, and purification of OleA His285 site mutation Site-directed mutagenesis of E. coli codon-optimized Xanthomonas campestris pv. campestris str. ATCC 33913 (NP_635607.1) oleA gene was carried out as previously described to introduce the H285N site mutation [13] . H285A and H285D oleA mutations were constructed from E. coli codon-optimized gBlocks purchased from Integrated DNA Technologies (IDT, Coralville, IA). Synthetic DNA was integrated into pET28b + expression vectors using Gibson assembly [21] . Mutations and vector constructions were verified by DNA sequencing (ACGT, Inc.). His285 mutated OleA proteins were expressed in BL21 (DE3) Escherichia coli competent cells (New England Biolabs, Ipswich, MA, USA). Cells were grown at 37°C in flasks containing 1 L LB media and 50 lgÁmL À1 kanamycin sulfate until an A 600 between 0.5-0.7 was achieved. Expression was induced by addition of 100 lM isopropyl b-D-1-thiogalactopyranoside. After 4 h of expression at 37°C, cells were harvested by centrifugation at 4000 9 g for 10 min. Following resuspension in buffer consisting of 200 mM sodium chloride and 20 mM Tris/HCl pH 7.4, cells were lysed by sonication (QSonica Q700). Soluble lysate was isolated by centrifugation at 27 000 9 g for 1 h and filtered through a 0.2 lm syringe filter. Purification of the His 6 -tagged variants was carried out on an € AKTA FPLC (GE Healthcare Life Sciences, Pittsburgh, PA, USA) using nickel-affinity chromatography (5 mL HisTrap HP column) and size exclusion chromatography (HiLoad 16/600 Superdex 200 pg column). The resulting enzymes were stored in 200 mM sodium chloride and 20 mM Tris/HCl pH 7.4. The purity of His285 OleA variants was analyzed by SDS/ PAGE using SimplyBlue SafeStain (Invitrogen, Carlsbad, CA, USA). Mutations were confirmed by mass spectrometry (MS) using a Bruker Autoflex Speed Matrixassisted laser desorption/ionization time of flight mass spectrometer (MALDI-TOF) (University of Minnesota Center for Mass Spectrometry and Proteomics). MS analysis was performed on protein within 3 days postpurification (both frozen and refrigerated samples) and protein that had been stored at À80°C for over 1 year. Purified protein was concentrated to 115 lM (9 mgÁmL À1 ) for crystallization trials.
OleA mutant enzyme hydrolysis of acyl-CoA
Detection of free CoA-SH hydrolyzed from myristoyl-CoA by OleA was determined as previously described [13] . 
Activity assay for condensation of acyl-CoA
Detection of the OleA condensation product, b-keto acid, was carried out using gas chromatography-mass spectrometry (GC/MS). Under the high heat conditions of the GC inlet, b-keto acids thermally decarboxylate quantitatively to the corresponding ketone [8] . OleA WT and His285 variant proteins (10 lg) were reacted at room temperature in glass vials containing 50 lM myristoyl-CoA and buffer consisting of 200 mM NaCl, 4% v/v ethanol, and 20 mM Tris/HCl pH 7.4 (500 lL total volume). Following incubations of 15 min to 24 h, product was extracted with 500 lL ethyl acetate. The organic phase was analyzed by GC/MS (5 lL injection split between flame ionization detector (FID) and mass spectrometer) using the following parameters: 250°C inlet temperature, 100°C start temperature, 10°C min À1 ramp rate, 320°C final temperature, and a 5-min hold time (total time of 27 min). Product elution time and mass spectral fingerprints were confirmed using the commercially available ketone standard, 14-heptacosanone.
Crystallization
Crystallization conditions for WT OleA were described previously [12] . All crystallizations of H285A, H285N and H285D OleA were set up using hanging drop vapor diffusion, combining 1 lL of protein with 1 lL of well solution. Each variant protein was crystallized alone or in the presence of myristoyl-CoA (1 mM). Well solution conditions for all crystallizations were as follows: 0.1 M sodium citrate pH 4.2, 0.10-0.12 M potassium phosphate dibasic, and 14-20% PEG 8000. Crystal trays were incubated at 19°C for 1-3 days before crystals appeared. Crystals were harvested, cryo-protected in well solution containing 25% v/v glycerol, and vitrified in liquid nitrogen.
X-ray data collection, processing, and refinement H285A, H285N, and H285D OleA datasets were collected at GM/CA-CAT beamline 23-ID-D (Pilatus3 6M) and at SBC-CAT beamline 19-BM (ADSC Quantum 210r) at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL). Crystals were exposed to 0.97, 1.02, or 1.03 A wavelength X-rays with an attenuated beam (1-5 fold) at 100 K. Datasets were processed and scaled using either XDS or HKL2000 [24, 25] . The WT OleA crystal structure (PDB 3ROW, 1.85 A) was used to phase the isomorphous H285A, H285N, and H285D datasets by direct Fourier synthesis (CCP4 Suite, REFMAC5) [26, 27] . Equivalent reflections to those used for R free determination in the WT structure determination were used during refinement [12] . Model building was carried out in COOT after each round of REFMAC5 refinement until all interpretable electron density was explained [28] . Adjustments to residue occupancies for alternative conformers were made in 5% increments until B-factor values were similar between conformers and surrounding amino acids postrefinement. A final round of restrained refinement with TLS was carried out before structural validation using MolProbity [29] . Final structures were deposited in the Protein Data Bank (PDB codes; 6B2R (H285A OleA); 6B2S (His285N OleA); 6B2T (His285D OleA)), and all figures depicting protein structures were prepared in PyMOL [30] . Superimpositions and root mean square deviations (rmsd) of crystal structures were calculated using PyMOL using the SUPER command over all a-carbons.
Results

Mutagenesis, expression, and purification of OleA H285 variants
The residue His285 is absolutely conserved in OleA primary amino acid sequences (Fig. 3) . Its role in the formation of b-keto acid was investigated through mutation of His285 and subsequent characterization of the resulting OleA variants. H285A, H285N, and H285D mutations of OleA were selected to remove side chain interactions, maintain hydrogen bonding capabilities but remove ionization, and introduce a negatively charged amino acid side chain, respectively. All variant and WT OleA proteins were expressed and purified to > 95% purity as estimated by SDS/PAGE. H285A and H285N OleA expressions yielded > 20 mgÁL À1 of cell culture while H285D OleA yielded 15 mgÁL À1 of cell culture. The mass of each enzyme variant was confirmed using MALDI-TOF mass spectrometry.
Effect of mutation of His285 on OleA hydrolysis of acyl-CoA
The concentration of free CoA-SH produced by the OleA-dependent futile or productive hydrolysis of myristoyl-CoA was detected spectrophotometrically using DTNB. As previously reported, WT OleA completely hydrolyzes all available substrate in under 15 min (Table 1 ) [14] . H285A and H285N OleA both hydrolyze 98% and 100% of myristoyl-CoA in the same amount of time as WT OleA (Table 1) . Only the hydrolysis rate for the H285D mutation is affected, needing 24 h to produce similar levels of CoA-SH as WT, H285A, and H285N OleA. Effect of His285 mutation on OleA condensation of acyl-CoA
The thermally labile b-keto acid product is detected as a stable ketone (14-heptacosanone) by GC/MS. WT OleA reacted with myristoyl-CoA shows a product that elutes at 16 min, identical in retention time and mass spectrum to 14-heptacosanone [14] . After 15-min incubation with substrate, WT OleA consumes nearly 90% of available substrate (Table 2 ). All His285 OleA variants are unable to condense product. After a 24-h incubation, H285A, H285N, and H285D OleA produce no discernable elution peak at 16 min (Table 2) . Based on values obtained from MolProbity [29] .
Effect of His285 mutations on OleA structure
Statistics for data collection and refinement of each crystal structure are shown in Table 3 . The crystal structures of H285A, H285N, and H285D OleA were solved to 1.77 A, 2.00 A, and 2.70 A resolution, respectively. Each was solved in the P2 1 2 1 2 1 space group with the physiological dimer present as the crystallographic asymmetric unit. The overall structures of H285A, H285N, and H285D OleA show little perturbation compared with the WT structure (PDB 3ROW) with an rmsd across all a-carbon atoms of 0.146 A, 0.201 A, and 0.202 A, respectively. Although all were crystallized in the presence of myristoyl-CoA, there was no evidence of bound substrate, product, or chemical derivative in the electron density. Crystals grown in the absence of substrate produced inferior diffraction data suggesting increased disorder.
The structures of H285A, H285N, and H285D OleA show little perturbation to the three-channel architecture compared with WT. In all three crystal structures, alternative conformers and oxidation of Cys143 are observed in at least one monomer active site (Fig. 4) . Simulated annealing omit maps were utilized during modeling and were consistent with oxidative modification of the active site cysteine (Fig. 4B) . MALDI-TOF MS of H285A, H285N, and H285D OleA in solution showed the expected mass with no evidence of oxidation (data not shown). The crystal structure of H285N OleA purified and crystallized in the presence of 2-mercaptoethanol similarly shows oxidation of Cys143 (data not shown). These data suggest that cysteine oxidation (Fig. S1-S6 ).
occurs during X-ray data collection. In monomer A of H285A OleA, alternative conformers of Cys143 are present at 80% and 20% occupancy differing by~112° (  Fig. 4C) . In monomer B, one conformer of Cys143 is oxidized to sulfenic acid (45% occupancy), while the other remains unmodified (55% occupancy) (Fig. 4D) . The water molecule bound in oxyanion hole 2, formed by the backbone amides of Cys143 and Ser347, is bound at 55% occupancy and is likely displaced by the hydroxyl of the oxidized conformer of Cys143. A water molecule found in both monomer active sites of H285A OleA forms a hydrogen bond with the side chain carbonyl of Asn315 (Fig. 4C,D) . Compared with WT OleA, this water occupies the position of the native His285 imidazole ring (Fig. 4A,C,D) . H285N OleA shows oxidation in both monomers (Fig. 4E,F) . Monomer A contains a singly oxidized Cys143 with the hydroxyl group bound in oxyanion hole 2 (Fig. 4E) . Two conformers of sulfenic acid-Cys143 are present in monomer B at 50% occupancy (Fig. 4F) . The hydroxyl of one conformer is bound in oxyanion hole 2 while the other points into the pantetheinate channel. The side chain of Asn285 forms two hydrogen bonds with the main chain amide and carbonyl of Ile345 at the base of alkyl channel A (Fig. 5) . Similar to H285A OleA, H285D OleA shows oxidation of Cys143 exclusively in monomer B (Fig. 4G,H) . Monomer A of the H285D mutant has two conformers of Cys143 at 60% and 40% occupancy with a water molecule trapped in oxyanion hole 2 (Fig. 4G) . Two conformers of oxidized Cys143 are present in H285D monomer B at similar occupancies (Fig. 4H ). Due to a hydrogen bond to one sulfenic acid hydroxyl, the water molecule bound in oxyanion hole 2 loses the canonical hydrogen bond to Ser347 observed in WT, H285A, and H285N OleA. The side chain of Asp285 also forms one hydrogen bond to the main chain amide of Ile345 (not shown).
Discussion
In this work, we report the crystal structures of H285A, H285N, H285D OleA. Oxidation of Cys143 to sulfenic acid is observed in each unbound OleA His285 variant structure, which is the first example of oxidative damage to Cys143 observed in OleA [12] [13] [14] . The observed oxidation likely occurs during X-ray diffraction data collection: MALDI-TOF MS showed the nonoxidized mass of each variant in solution, and the H285A and H285N OleA variants are able to hydrolyze myristoyl-CoA at the same rate as WT. The oxidation observed in the His285 variant crystal structures indicates that His285 has a protective role through its interaction with Cys143. Monomer B of the His285 variants is surprisingly more susceptible to this oxidative damage, possibly due to fewer crystal contacts that allow for increased disorder compared to monomer A [14] .
The role of His285 in the mechanism of OleA was investigated due to its conservation and the importance of histidine residues in other thiolases. It was initially hypothesized that His285 acts as a general base to deprotonate Cys143 for the transesterification reaction [12] . A similar proton abstraction role has been proposed in KAS type I and II mechanisms where the histidine is within favorable hydrogen bonding distance to the catalytic cysteine thiol [31] [32] [33] . In WT OleA, the imidazole ring of His285 is too far from the thiol of Cys143 (3.5 A) to form a strong hydrogen bond, and it is at an unfavorable angle to abstract a proton (Fig. 6 ). It is likely that Cys143 is activated for transesterification through its position directly adjacent to the N-terminal dipole moment of a-helix 4. The effect this dipole exerts on the electrostatic environment of condensing enzymes has been implicated in many thiolase superfamily members [34] [35] [36] . The magnitude of this dipole is suggested to lower the pK a of the catalytic cysteine sufficiently to allow for deprotonation. However, His285 may stabilize the formation of an imidazolium-thiolate ion pair as proposed in chalcone synthase and cysteine proteases [17, 37] . This interaction could protect Cys143 from becoming oxidized prior to transesterification and is consistent with the susceptibility of Cys143 to oxidation in the absence of His285. Mutating His285 to Ala or Asn did not impact the ability to hydrolyze myristoyl-CoA compared with WT OleA (Table 1 ). In the absence of Cys143, catalytic futile hydrolysis of myristoyl-CoA occurs, but orders of magnitude slower than transesterification in WT OleA [13] . As the hydrolysis rate is not impacted, it is likely that Cys143 in these variants is able to form the acyl-enzyme intermediate, further suggesting that His285 does not act directly in activating Cys143 for nucleophilic attack of the first substrate. The H285D OleA hydrolyzes myristoyl-CoA at a slower rate, likely due to a combination of Cys143 pK a increase that decreases the amount of reactive thiolate and negative charge repulsion with the carboxylate of Asp285 leading to nonoptimal positioning of activated Cys143.
None of the OleA His285 variants are able to form b-keto acid indicating that they are able to catalyze transesterification, but are unable to undergo Claisen condensation (Table 2 ). This is similarly observed for active site histidine variants of other thiolases. His233 variants of HMG-CoA synthase catalyze the acetyl transfer half reaction (transfer acetyl group from acetyl-CoA to cysteine) at a similar or faster rate than WT HMG-CoA synthase, but the rate of condensation is greatly diminished [19] . It was suggested that the active site histidine acts to selectively stabilize and position the second substrate, acetoacetyl-CoA for condensation [18, 19] . Likewise, H244A FabH is efficient in transacylation to Cys112 but is deficient in decarboxylation of the second substrate malonyl-CoA that initiates condensation [16] . Taken together, it is reasonable to hypothesize that His285 is required to position substrate for efficient Claisen condensation.
Similar to HMG-CoA synthase and FabH, we propose that His285 interacts with substrate to promote condensation. This interaction is likely through its role in forming half of oxyanion hole 1 in OleA. HMG-CoA synthase coordinates the acetyl oxygen of its acetylated-Cys111 intermediate in an environment equivalent to OleA oxyanion hole 2 (Fig. 7A ) [38] . Similarly, FabH binds its acetylated-Cys112 in oxyanion hole 2 (Fig. 7B) [35] . In both enzymes, the binding of the second substrate is achieved through interaction with the active site histidine. His233 in HMG-CoA synthase has been shown to selectively interact with acetoacetyl-CoA to orient the substrate for nucleophilic attack by the Cys111-acetyl carbanion [19, 38] . This interaction occurs in the OleAequivalent oxyanion hole 1 (Fig. 7A) . FabH His244 and Asn274 have been shown to be necessary for the decarboxylation of malonyl-ACP in order to generate the nucleophile [16, 35, 39, 40] . This position is also equivalent to OleA oxyanion hole 1 (Fig. 7B) . We propose that OleA uses these binding pockets in reverse to those of other thiolases, utilizing oxyanion hole 1 to position the first acyl-CoA and oxyanion hole 2 to position the second. As seen in Fig. 7C , the thioester carbonyl oxygen of myristoyl-CoA in the C143A OleA crystal structure is bound in oxyanion hole 1. This state represents the OleA-substrate complex prior to transesterification. No crystal structure of acylated-OleA has been solved; however, this substrate complex likely demonstrates the binding mode of the first acyl-CoA. The first substrate bound in the novel alkyl channel A necessitates the use of oxyanion hole 1 to position its carbonyl before and after transesterification, making it unavailable when the second substrate binds. Thus, the second substrate uses oxyanion hole 2 prior to condensation. This hypothesis fits with Glu117 acting as a general base to abstract a proton from C 2 of the second acyl-CoA [14] . Coordination of the alkyl chain of the second substrate in alkyl channel B would position the thioester carbonyl in oxyanion hole 2, placing C 2~3 .5
A from the carboxylate of Glu117 (based on substrate modeling in OleA, PDB code 4KU3) (Fig. 7D) . We hypothesize that in the absence of His285, oxyanion hole 1 is compromised, and the first substrate may instead utilize oxyanion hole 2, as proposed for HMG-CoA synthase and FabH. This would occlude the second substrate from binding in the proper orientation, preventing Glu117 from activating it for carbon-carbon bond formation, and is consistent with the inability of these mutants to condense product. Even in the case of H285N, a conservative replacement, oxyanion hole 1 restructures; the Asn side chain is rotated compared with His285 and forms hydrogen bonds with Ile345 ( Figs 4E,F and 5A ). In summary, we report the crystal structures of H285A, H285N, and H285D OleA. These structures reveal oxidative damage of Cys143 most likely occurring during X-ray data collection. We propose that His285 stabilizes the thiolate of Cys143 before transesterification and protects it from oxidative damage. In addition, we propose His285 is required to associate the transesterified acyl-Cys143 intermediate with oxyanion hole 1, such that the second substrate can bind productively in oxyanion hole 2 for deprotonation by Glu117 and initiate condensation. The binding of two long-chain alkyl chains during turnover in OleA dictates a mechanistic strategy that utilizes the oxyanion holes in reverse order compared with other thiolase enzymes. [38] . The first substrate occupies oxyanion hole 2 (red circle), while the second substrate binds in oxyanion hole 1 (blue circle). (B) Acetylated FabH coordinating substrate (red) in oxyanion hole 2 (red circle) (PDB 1HNH) [35] . (C) Enzyme-substrate complex between C143A OleA and myristoyl-CoA (Myr-CoA, red) (PDB 4KU2) [13] . The carbonyl oxygen of Myr-CoA occupies oxyanion hole 1 (blue circle). (D) WT OleA active site and substrate modeling displaying putative oxyanion hole usage before condensation. Myristic acid (blue) is acylated to Cys143 and occupies oxyanion hole 1 and alkyl channel A. Myristoyl-CoA (red) is bound in oxyanion hole 2 and alkyl channel B. Glu117 is modeled in the position found in OleA C143S (PDB 4KU3)) and is located~3.5 A from the putative position of myristoyl-CoA C 2 atom (red line) [13] . All models are superimposed and viewed in isolation from the same vantage point. Hydrogen bonds are shown as black dashed lines. Sa, Staphylococcus aureus; Ec, Escherichia coli; Xc, Xanthomonas campestris.
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